Introduction: Demyelination can occur after brain radiotherapy in tissue adjacent to irradiated tumours. To date, no correlation has been found between conventional-dose radiotherapy and the development of multiple sclerosis, but radiotherapy could be a triggering factor among women with known multiple sclerosis. To the best of our knowledge, this is the first well-documented case of this association with a dosimetric analysis.
Introduction
Multiple sclerosis is a chronic immune-mediated demyelinating disease leading to neurological disorders, which needs to be diagnosed and treated early [1] . The revised 2017 Mc Donald criteria provide for a diagnosis of multiple sclerosis if cerebrospinal fluid (CSF)-specific oligoclonal bands are associated with a typical clinically isolated syndrome and clinical or MRI demonstration of dissemination. Symptomatic lesions can be used to prove dissemination in space or over time among patients with supratentorial, infratentorial or spinal cord syndrome [2] .
Regarding brain radiation therapy, demyelination can occur in irradiated healthy brain parenchyma adjacent to the tumour [3] . Demyelination is one of the brain lesion know to be responsible for neurological toxicity [4, 5] . This was first described in preclinical models of rats. Rats brain demyelination was both dose-and timedependent, since it was only seen after 6 months and single doses of 17.5-25 Gy of X rays [6] . Then a post-mortem study of 25 patients treated with radiotherapy for glioma reported selective demyelination in tissues adjacent to the tumour [3] .
To date, no correlation between conventional radiotherapy and the development of multiple sclerosis has been described or proved. It is generally only a triggering factor of multiple sclerosis flares among women with diagnosed disease [7] . This case report was prepared following the CARE Guidelines [8] . To our knowledge, this is the first case of multiple sclerosis after radiotherapy involving a woman without any past medical history and with an available dosimetric analysis to study correlations between multiple sclerosis lesions and the dose level of radiotherapy.
Case presentation
We report the case of a 36-year-old woman treated for a pituitary macroadenoma invading the left cavernous sinus revealed by headaches and decrease in visual acuity in the right eye. On August 10th 2018, i.e. 7 weeks after radiotherapy completion, the patient presented headaches with mandibular irradiation, which were related to trigeminal V3 neuralgia. No imaging was performed at this time. Treatment with 20 mg of oral prednisone daily for 5 days was introduced and was rapidly efficient. On September 2nd 2018, i.e. 10 weeks after radiotherapy completion, the patient reported a spontaneously resolving episode of decreased visual acuity. On September 24th 2018, i.e. 3 months after radiotherapy completion, the patient experienced a sudden worsening of symptoms with increased asthenia and hypoesthesia of the left hemi-arm associated with dizziness. A contrast-enhanced CT-scan was performed and showed stability of the pituitary adenoma without further anomalies. On the same day, the patient was hospitalized in the Neurology Department. The neurological examination evidenced staggering gait with unipodal balance disorders, without kinetic cerebellar syndrome, horizontal multidirectional vertical nystagmus without oculomotor palsy, and hypoesthesia localized in V2 area with hypoacusis. No pyramidal syndrome or vesicosphincteric disorder was evidenced.
Brain MRI was performed on September 27th, 2018, i.e. 3 months after radiotherapy, and it evidenced stability of the pituitary adenoma but the appearance of multiple infra and supratentoriel T2 Flair hyperintense lesions, particularly in the posterior part of the brainstem and the cerebellar peduncle and the right Sylvian fissure, associated with discreet contrastenhancing (Fig. 1) . The patient underwent a lumbar puncture which evidenced a polyclonal intrathecal synthesis of immunoglobulin G (IgG), a cerebrospinal fluid protein concentration of 0.18 mg/mL and 7 white and 0 red corpuscles. All other tests were negative: negative antibody status for Lyme's disease, Varicella-Zoster Virus (VZV), Herpes Simplex Virus (HSV), Human Immunodeficiency Virus (HIV), Cytomegalovirus (CMV), Epstein Barr Virus (EBV), hepatitis B and C, and antiphospholipid antibody, and negative for RNA enterovirus detection, and for antinuclear antibodies, angiotensin-converting enzyme, Myelin Oligodendrocyte Glyprotein (MOG) Antibody and Aquaporin-4 protein. There was a slight folate deficiency at 0.48 ng/ml and negative cell co-culture. A thoraco-abdominopelvic CT-scan and a medullary MRI were performed and found no further lesions. It was concluded, using the 2017 McDonald criteria, that the clusters of clinical and paraclinical evidence indicated relapsingremitting multiple sclerosis, PH-like (first clinical flare) and demyelinating central nervous system inflammatory disease with temporal and spatial dissemination (gadolinium-enhancing supraand infratentorial lesions, cerebrospinal fluid-specific oligoclonal bands). A regional white matter Expert Panel confirmed this diagnosis in early November 2018.
Treatment of this primary progressive flare with intravenous corticosteroids (methylprednisolone) 1 g/day for 4 days was initiated and was effective, with improvement of all symptoms and a decrease in T2 hyperintense lesions on imaging (Fig. 1) . On December 19th, 2018, i.e. 6 months after radiotherapy completion, the patient had severe asthenia and further neurological deterioration. A renewed treatment with corticosteroids 1 g/day for 3 days was carried out with improvement of all symptoms. Sustained treatment has been proposed because of the persistence of inflammatory lesions on MRI and V2 trigeminal dysesthesas. The patient first refused and later agreed after 3 weeks because of a re-emergence of weakness, nystagmus and new infratentorial lesions. Sustained treatment consisted in beta 1A Interferon (Avonex Ò ). The patient was also offered a global rehabilitation program.
Discussion and conclusions
To our knowledge, only 4 cases of patients presenting multiple sclerosis following radiotherapy have been reported to date in the literature [7, 9, 10] . For these cases, no dosimetric analysis was performed. Shaygannejad et al. described the case of a 43-year-old woman without significant past medical history, treated for a meningioma with fractionated radiotherapy (28 sessions, no reported dose). She developed multiple sclerosis 9 months after radiotherapy [9] . Kemp et al described the case of a 65-year-old woman who developed multiple sclerosis 3.5 months after stereotactic radiosurgery for trigeminal neuralgia (90 Gy in 1 session). Doubt about a pre-existing treatment of trigeminal multiple sclerosis lesions was mentioned [10] . Milic et al. reported two cases: 39-year-old and 44-year-old women treated with radiotherapy (56 Gy in 30 sessions for the first and no reported dose for the second) for oligodendroglioma. They developed multiple sclerosis respectively 4 and 2 months after radiotherapy. The first patient had a lesion of the white matter before radiotherapy and the second had a history of transverse myelitis [7] .
In summary, these 4 cases are all middle-aged women who developed multiple sclerosis after a mean time lapse of 4 months following radiotherapy. No data is available on the relationship between dose and multiple sclerosis occurrence. Most of these subjects already had a past medical history suggesting multiple sclerosis. External beam radiotherapy of the brain among patients with multiple sclerosis seems to be associated with an increase in neurotoxicity compared to patients without demyelinating disease [11] .
We report here the case of a 36-year-old woman without significant past medical history who developed multiple sclerosis 3 months after the last session of fractionated stereotactic radiotherapy for a pituitary macroadenoma. This is in agreement with the few existing previous reports. The strength of our study is that it is the first to perform a dosimetric analysis to evaluate the correlation between the appearance of multiple sclerosis lesions and the doses received (Fig. 2) . We identified 5 nonpre-existing areas of T2 Flair hyperintense lesions (Table 1) . They received a mean dose of 23.1 Gy (20.1-31.7 Gy), a maximum dose (D2%) of 42.1 Gy (24.7-45.4 Gy) and a minimum dose (D98%) of 12.8 Gy (12.5-21.7 Gy). These results suggest that all multiple sclerosis lesions occurred in brain regions irradiated with a mean biologically effective dose (BED 2 ) of 33.9 Gy (27.3-49.6 Gy).
Demyelination is a known neurological side effect of radiation therapy. Even if a regional white matter Expert Panel confirmed the diagnosis of multiple sclerosis using the revised 2017 Mc Donald criteria and a sustained treatment with beta 1A Interferon (Avonex Ò ) was effective, the diagnosis of multiple sclerosis remains uncertain and lesions described in this article may be also linked to another demyelination disease. That would not change treatment with corticosteroids and the correlation between demyelination and intermediate dose radiotherapy. As a comparison, spinal cord demyelination in form of Lhermitte's syndrome (LS) has been recently reported after chemo-intensity-modulated radiotherapy (chemo-IMRT) of head and neck cancer as one of the late term effects. LS is an electric shock-like sensation exacerbated by neck flexion that radiates down the spine and into extremities. It was first described in multiple sclerosis. It is caused by reversible demyelination of ascending sensory neurons due to inhibition of oligodendrocyte proliferation following radiotherapy of the cervical or thoracic spine. Pak et al. have observed a higher rate of LS after chemo-IMRT of head and neck cancer than the published rates after conventional radiotherapy [12] . Potential mechanisms of LS after IMRT are found in literature: greater mean dose, younger age and cord volumes receiving 30 and 40 Gy [12, 13] . This is very interesting because demyelination seems to be correlate to intermediate dose radiotherapy, as observed in our case report.
To conclude, radiotherapy alone seems not to lead to multiple sclerosis lesions. However, radiotherapy could foster flares of multiple sclerosis. Special caution should therefore be exercised among patients with demyelinating disease undergoing radiotherapy, or women at risk between the ages of 35 and 45. In addition, multiple sclerosis lesions can look like metastases. This means we should keep the differential diagnoses in mind (metastasis, radionecrosis, . . .) in order to avoid mistakes or delays in treatment. Demyelination after radiotherapy seems to associated with intermediate dose radiotherapy since it appears particularly in the irradiated brain with a mean BED 2 of 33.9 Gy (27.3-49.6 Gy). 
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